Abstract: Satellite earth observation enables the monitoring of different types of natural hazards, contributing to the mitigation of their fatal consequences. In this paper, satellite Synthetic Aperture Radar (SAR) images are used to derive terrain deformation measurements. The images acquired with the ESA satellites Sentinel-1 are used. In order to fully exploit these images, two different approaches to Persistent Scatterer Interferometry (PSI) are used, depending on the characteristics of the study area and the available images. The main processing steps of the two methods, i.e.; the simplified and the full PSI approach, are described and applied over an area of 7500 km 2 located in Catalonia (Spain). The deformation velocity map and deformation time series are analysed in the last section of the paper.
Introduction
Satellite observation is a key tool for the observation of the Earth, enabling, in particular, the mitigation of natural hazards' consequences. It provides serveral advantages over other monitoring techniques: acquisition of data in inaccessible areas; extensive coverage, which allows the complete analysis of global phenomena; and provision long-term historical data for large areas, enabling the temporal analysis of the phenomena. Addtionally, it outperforms the generally more expensive and slow in situ data acquisition.
In this work, we use Synthetic Aperture Radar (SAR) images and Differential SAR Interferometry (DinSAR) technique to derive terrain deformation measurements. Previous works performed with the technique have been successfully carried out in the fields of geophysics, volcanology [1, 2] , seismology [3] , landslide monitoring [4] and subsidence measurements [5] . In particular, an advanced approach to DinSAR, the Persistent Scatterer Interferometry (PSI) technique [6, 7] , is used. This technique uses large sets of SAR images acquired over the same area to measure the velocity of deformation of the terrain and the deformation time series (see [8] for a review of the technique).
A set of 36 SAR images acquired with the ESA satellites Sentinel-1 (S-1) are used in this study. S-1 acquires at C-band and brings important advantages with respect to other sensors: wide area coverage, with the Interferometric Wide Swath mode it acquires images covering 250 by 180 km; frequent revisit time of 6 days; and free of charge availability. This paper is structured as follows: in Section 2 the approach to PSI used in the study is described, in Section 3 the deformation measurements are derived over the area of Catalonia (northern Spain), and in Section 4 the conclusions of the study are presented.
Methodology
The technique used in this study is an implementation of the PSI approach. In order to process the Sentinel-1 interferometric data, we use two complementary approaches, depending on the characteristics of the study area, the availability of the images, and the type of phenomenon to monitor. The two approaches are a simplified PSI method and a full PSI approach. These two approaches are described below.
Simplified PSI Approach
The simplified approach uses consecutive interferograms in order to fully exploit the increased coherence of 6-day temporal baseline interferograms. This approach is mainly used when working in non-urban areas, where the coherence decreases very fast in time. The procedure starts with a stack of N complex SAR images and N − 1 consecutive multi-look interferograms. The main steps are: (i) 2D phase unwrapping of the N − 1 multi-look interferograms, using the Minimum Cost Flow method [9, 10] ; (ii) Direct integration of the unwrapped interferometric phases, to obtain temporally ordered phases in correspondence to the image acquisition dates; (iii) Estimation and removal of the atmospheric phase component by means of a set of spatio-temporal filters [7, 11] ; (iv) Generation of the deformation time series and accumulated deformation map, using the atmosphere-free interferograms and transforming the phases into displacements; (v) Geocoding of the results.
Full PSI Approach
The full PSI approach gives the best results when working in high coherence areas. This approach requires a large set of N SAR images and a redundant network of M interferograms, where M >> N. Their main steps are: (i) Perform the so-called 2 + 1D phase unwrapping. First, a spatial 2D phase unwrapping using the Minimum Cost Flow method [9, 10] is performed over the multi-looked interferograms. This is followed by a 1D phase unwrapping performed pixel wise over the M interferograms, which uses an iterative least squares procedure [12] [13] [14] that fully exploits the integer nature of the unwrapping errors. This last step is able to detect and correct the errors generated during the 2D phase unwrapping stage, and provides tools to control the quality of the derived time series [15] ; (ii) Estimation of the atmospheric phase component (APS) and removal from the interferograms at full resolution. This is performed by means of a set of spatio-temporal filters; (iii) Deformation velocity and residual topographic error (RTE) estimation using the method of the periodogram; (iv) removal of the RTE phase component from the wrapped APS-free interferograms; (v) Generation of the final deformation time series by means of the final iteration of the 2 + 1D phase unwrapping. This involves a 2D phase unwrapping, followed by a 1D phase unwrapping; (vi) Geocoding of the results.
Results
The approaches detailed in the previous section have been used to monitor the full region of Catalonia (Spain). The velocity of deformation and time series of deformation have been derived using 36 Sentinel-1A images acquired in the Interferometric Wide Swath Mode covering the period from March 2015 to September 2016. The temporal baseline is usually 12 days, while in some cases it is 24 and 36 days. Figure 1a show the velocity of deformation map derived over an area of about 7500 km 2 using the full PSI approach and a redundant network of interferograms. The urban areas are covered with measurements, while in most cases, the vegetated and non-urban areas lack points due to the low coherence and hence the noise of these areas. Figure 1a shows that most of the studied area is stable (green points). However, some interesting deformations where detected on this map. Figure 1b shows a subset in the metropolitan area of Barcelona. Two differentiated areas of deformation can be appreciated, which are probably related to water extraction phenomena. In red, there is a subsidence that reaches more than 15 mm/year, while in blue there is an uplift up to 5 mm/year. Figure 1c shows the deformation time series of a point located over an industrial building in Barcelona (black line related to the left axis). It shows a periodical movement which is related to the temperature (grey dotted line, which refers to the right axis). This time series shows the high deformation sensitivity of the measurements.
The best results are derived with the full PSI approach using redundancy of interferograms. However, in some areas, the density of points is not enough. In those cases, the simplified approach is used to take advantage of the high coherence of consecutive interferograms. Figures 2 and 3 show the deformation measured over an area undergoing mining activities. Figure 2 shows the velocity of deformation with a maximum of 25 mm/year of subsidence (in red). Figure 3 is the accumulated deformation map derived using the simplified approach and 24 S-1 images, spanning the period from March 2015 to January 2016. In this case, the simplified approach allows obtaining a higher measurement density over the area of interest. 
Conclusions
The deformation map over an area in Catalonia (Spain) has been derived using Sentinel-1 Synthetic Aperture radar (SAR) images. Two different approaches based on Differential SAR Interferometry (DInSAR) have been used: the complete PSI procedure, which uses redundancy of interferograms and whose key step is a 2 + 1D phase unwrapping which allows to detect and correct phase unwrapping errors, and the simplified approach, which uses consecutive interferograms in order to take advantage of the high coherence of 12 day interferograms. Some examples of measured deformations have been shown.
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